Abstract. This study is based on measurements of trapped and precipitated electrons of energy >30 keV and >100 keV observed by polar orbiting environmental satellites during overpasses of the imaging riometer at Kilpisjärvi, Finland. The satellites are in sun-synchronous orbits of about 850 km altitude, recording the electron fluxes at 2-s time resolution. The riometer measures the radiowave absorption at 38.2 MHz, showing the spatial pattern within a 240 km field of view.
Introduction
Ever since auroral radio absorption was identified as a distinct phenomenon (Reid and Collins, 1959 ) -though they described it as predominantly a night-time occurrence and attributed it to increased collision frequency in the E-region (both erroneous!) -there has been interest in relating the absorption effects to the incoming energetic particles causing them: to identify the nature of the particles and their energy; to determine the height of the absorption which depends on the energy; to be able to predict one quantity from the other; and to learn the physics involved. Maehlum and O'Brien (1963) and McDiarmid et al. (1963) raised statistical arguments based on the occurrence and location of auroral absorption and of energetic electron precipitation detected by the low-orbit satellites Injun I and Alouette I, to argue that the latter was likely to be the cause of the former. The first direct connection was demonstrated by Jelly et al. (1964) using measurements of >40 keV electrons on the early Canadian satellite Alouette I when passing over, or close to, the field of view of wide-beam riometers operating at, or near to, 30 MHz. They reported absorption exceeding 0.2 dB when the precipitated flux exceeded 2×10 4 cm −2 s −1 sr −1 and, assuming the absorption (A) to be proportional to the square root of the flux (J ), they derived the relationships electron flux simultaneously. Parthasarathy et al. (1966) observed that the trapped flux was usually greater than the precipitated component by a factor of 10 to 100, and the pitchangle distribution only approached isotropy when the intensity was high. Taking day and night observations together they related 30 MHz absorption and >40 keV precipitated flux by
which agrees well with the Jelly et al. results. Some comparisons have been made between the absorption detected with riometers and the electron fluxes at geosynchronous orbit (Baker et al., 1981; Collis et al., 1983) . This configuration has the advantage of continuity at a single location and the spectral resolution may be good, but the magnetic conjugacy between the satellite and ground station may be uncertain, there is no information about the spatial distribution of the particles, and the loss cone (which is very narrow at the equator) may be smaller than the reception cone of the detector for precipitated particles.
The present study returns to comparisons with low-orbit data, concentrating on short-term variations of electron flux detected at about 850 km altitude, while the satellite passes through the field of view of an imaging riometer showing spatial detail within the absorption patch. We consider (i) short-term variation of the electron flux, (ii) detailed empirical relationships between the fluxes and the variation of radio absorption during overpasses of the imaging riometer, (iii) interpretation of the results in relation to the theory of pitch-angle scattering, and (iv) time of day variations, including change of spectrum.
Observations and data
The NOAA polar orbiting environmental satellites (POES) are in sun-synchronous orbits of 90 min period at altitude 850 km. Their instrumentation (Evans and Greer, 2004) includes the Medium Energy Proton and Electron Detectors (MEPED) from which we shall be concerned with the fluxes of electrons in the energy bands 30-2500 keV and 100-2500 keV. Each satellite carries two identical solid state detector telescopes, one pointing almost vertically and the other horizontally, each having a reception cone of 30 • diameter. (There is actually a 9 • offset in each case so that the field of view is clear of spacecraft structure.)
At high latitudes the "vertical" telescope points at an angle to the geomagnetic field which depends on the satellite's latitude and longitude. For our purposes we take an average value of 17 • . At 850 km this telescope collects precipitating electrons that would penetrate to the atmosphere. The "horizontal" telescope points at an average angle of 78 • or 102 • to the field, depending on the position of the spacecraft in the orbit. This observes trapped electrons which would mirror before reaching the atmosphere.
The geometric factor for converting the count rate (C, s −1 ) to flux (F , cm −2 s −1 sr −1 ) is 100. Each of the telescopes provides count rates for the energy bands stated above. We shall refer to these as the "30 keV" and "100 keV" rates respectively, it being understood that they are integral rates above the threshold.
Overpasses of POES satellites across a 240 km square centred on Kilpisjärvi, Finland (69.05 • N, 20.79 • E, L=5.9) were selected for comparison with the radio-wave absorption observed with the 38.2 MHz imaging riometer at that site (Browne et al., 1995) . In each of the energy ranges the electrons are counted for one-second periods from each telescope alternately. Thus the time resolution is 2 s in each case. During an overpass the number of samples taken was generally 18 to 20, giving a spatial resolution of about 12 km over the ground. The data used in the study are from the satellites NOAA-12 and NOAA-14 between late 1994 and early 1996, and comprise 54 selected overpasses which fall into three local time groups.
Rapid variations of flux
Samples of the precipitated and trapped count rates from the 30 keV and 100 keV counters are shown in Fig. 1 . It is noteworthy that at the same energy the precipitated flux is almost invariably less than the trapped, but the relative variations from point to point are considerably larger. Some passes seem to show quasi-periodic variation with a period of 5 or 6 samples i.e. 10 to 12 s in time, or 60 to 72 km in distance. The patterns of variations are similar for the 30 keV and 100 keV particles.
The amount of variability depends on the time of day. Figure 2 gives statistics of the maximum point-to-point change of flux (as a ratio) observed during each overpass, divided into three time groups (∼01:00 UT, ∼07:00 UT and ∼11:00 UT) according to the satellite orbits. In local time the groups can be taken to represent night (∼02:30 LT), morning (∼08:30 LT) and noon (∼12:30 LT). These groups comprise 10, 31 and 13 passes, respectively, each of which crosses the latitude of Kilpisjärvi within 5 • of longitude. It is clear that the trapped flux seldom varies by more than a factor of 3 between samples, and in half the cases by less than a factor of 2. On the other hand, the variability of the precipitated flux is larger and depends on the local time. In the morning group the maximum point-to-point change can exceed a factor of 100, and in half the cases exceeds a factor of 45 at 30 keV or 25 at 100 keV.
The statistics are summarised in more detail in Table 1 . These again refer to the maximum change from point to point during each overpass, and they are divided according to time of day, energy, and whether trapped or precipitated. Median values are given (from Fig. 2) , and also the percentage of points for which the maximum ratio "≤2" (for the trapped particles) and "≤10, >10 to ≤100 or >100" (for the precipitated particles). The following conclusions are noted:
1. In the case of the trapped fluxes, the maximum pointto-point change during an overpass is generally small, the median being less than a factor of 2. Values greater than 3 are rare. The values are somewhat smaller in the morning group than those at night or at noon.
2. The maximum point-to-point changes in the morning group are generally much greater in the precipitated flux than in the trapped, 60-70% of values being between factors 10 and 100. The factor 100 was exceeded in 16% of the overpasses. The results are similar for 30 and 100 keV.
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4. The changes are smaller again at noon, and the median ratios for the precipitated particles are only 2 to 3 times those for the trapped component. Virtually all noon values are below a factor of 10, and below 5 at 30 keV. This seems to indicate a remarkable change of character in only 4 h of local time. By taking the maximum change of flux over any 2-s interval during the pass we are effectively selecting just the greatest variations within a time of about 40 s in each case. It is clear, nevertheless, that there are significant differences in the fine-scale structure between the trapped and the precipitated components of the electron flux, and that the magnitude of this effect depends on the time of day. The precipitated flux invariably changes more than the trapped component, and the variations are largest in the morning sector (∼08:30 LT) and least at noon (∼12:30 LT). However, these properties are very similar for the >30 keV and >100 keV fluxes, indicating that no significant change of spectrum occurs during these rapid variations.
4 Relations between radio absorption and particle flux.
Data from the whole day
The imaging riometer at Kilpisjärvi measures the absorption of the cosmic radio noise at 38.2 MHz within a region of about 240 km north-south and east-west, assuming that the absorption occurs in the ionospheric D-region at altitude 90 km. The system forms 49 beams from which a spatial distribution may be obtained by interpolation. Two significant facts are immediately evident. Since the overall absorption pattern changes relatively little during a period of several minutes, the variations of particle flux observed during an overpass (which lasts only about 40 s) must be spatial rather than temporal. The continuity equation appropriate to the D-region, q = α e N 2 e (where q is the ion production rate, α e is the effective recombination coefficient, and N e is the equilibrium electron density), indicates that the J. K. Hargreaves et al.: Fine structure of medium energy electron fluxes in the auroral zone square of the absorption (in decibels) should be proportional to the flux of incoming ionising particles. It appears from Fig. 4 that the square of the absorption is more nearly proportional to the trapped flux than to the precipitated. This apparent anomaly will be considered later.
Twelve overpasses were selected as a subset of those used in the previous section, four in the night sector, five in the morning, and three near noon, the criteria being (i) that the satellite's position, projected to 90 km altitude, crossed the latitude of Kilpisjärvi within 2 • of longitude of the station, and (ii) that the 38.2 MHz absorption on the wide-beam riometer at the site was at least 1 dB. The ratio between the >80 keV proton telescope count rate and the coincident >30 keV electron telescope count rate indicates whether or not the electron measurements are contaminated by significant response to energetic protons and should be discarded. Using this additional criterion two passes were rejected, one in the noon sector and one at night, leaving the selection shown in Table 2 . Included is the K p index for the 10 passes, which shows that the corresponding geomagnetic activity was moderate, ranging from 3+ to 5+.
Scatter plots of absorption against electron count rate from the precipitated and trapped detectors are given in Fig. 6 (a and b), all 10 passes being included. Regression lines are superimposed for absorption against count rate, and for count rate against absorption, as are the trends corresponding to the theoretical square law. Detailed results from the regression analysis are given in Table 3 . Using these equations the absorption could be estimated from the particle flux to an accuracy of a factor of about 1.4, and the flux from the absorption to better than a factor of 2 or 3. These factors are the standard errors, which would contain about 70% of estimates. Table 4 gives relationships between electron pitch angles at the equator (L=5.9), at altitude 850 km, and at 90 km (a typical height for the absorption layer), according to the first invariant (magnetic flux) for trapped particles. The flux reaching 90 km has pitch angles between 0 • and 3.24 • at the equator, a range which goes beyond the outer limit for the precipitated detector (2.03 • ) but does not quite reach the coverage of the trapped detector (3.42 • to 3.84 • ). This suggests that a better measure of the flux reaching 90 km might be achieved by taking account of the readings from both detectors, and Fig. 6c shows the plot of absorption against the geometric mean of the precipitated and trapped count rates. Regression analysis details are included in Table 3 . The central line of this distribution, the geometric mean of the two regression lines, has a gradient of 0.46. 
Separate results from three times of day.
Results of regression analysis for each of the three local time groups are summarised in Table 5 in terms of flux
, where F M is the geometric mean of the fluxes measured by the precipitated and trapped detectors. If F M = 10 6 cm −2 s −1 sr −1 we would predict the 38.2 MHz absorption to be 0.84, 1.04 and 1.07 dB for night, morning and noon, respectively, to an accuracy of 20 to 30%. The absorption predicted for the morning sector exceeds that predicted for the night period at a given level of 30 keV flux, and this holds across the whole range of interest (F M =10 5 to 10 7 ). However, the noon values can be smaller or larger than the morning values depending on the intensity. We attribute this to a systematic variation of spectrum (Sect. 6.1). 
Diffusion parameters
The preferred explanation of electron precipitation from a population of trapped electrons in the tens of keV energy range uses the theory of pitch-angle scattering involving whistler-mode (VLF) electromagnetic waves (Kennel and Petscheck, 1966; Kennel, 1969; Thorne, 1972) . The rate of deposition into the atmosphere depends on the rate at which trapped electrons diffuse into the loss cone (from which, by definition, they are lost to the atmosphere at the next bounce), and this is governed by a "diffusion parameter"
√ Dτ , where D is a diffusion coefficient and τ is related to the bounce time of a particle between hemispheres. The mechanism relies on a resonance between the gyrating electrons and the Doppler-shifted whistler-mode waves which they emit. The waves may have been generated in the same flux tube as those being affected, or have come in from elsewhere. Thorne (1972) calls these cases "unstable" and "parasitic", respectively. Figure 7 shows the dependence of the flux on equatorial pitch-angle and diffusion parameter under this mechanism. By observing the ratio between the trapped and precipitated fluxes, in our case corresponding to equatorial pitch-angles 1.12 • and 3.76 • (see Table 4 ), it should be possible to estimate values for the diffusion parameter, as shown in Fig. 8 . Values for the ratio of precipitated to trapped count rates are plotted against A 2 in Fig. 9 for the 10 Kilpisjärvi overpasses at 2-s intervals, divided according to the night, morning and noon sectors. The median and quartile values for each interval, with corresponding diffusion parameters derived from Fig. 8 , are given in Table 6 . The distribution of ratios for the morning period (Fig. 9b) has groups of points of low value seemingly separated from the main distributions. These would appear to correspond to the large, short-duration reductions of precipitated flux noted previously. Median values of the count rate ratio and corresponding diffusion parameters are included in Table 6 . The interquartile range is no more than a factor of 2 for the morning and noon data, though considerably more at night. The corresponding range of the diffusion parameter is a factor of 3 or less. The relative effect of a change of diffusion parameter increases sharply at the lower values.
In the morning sector it is noteworthy that there is a tendency for the low ratios to occur at the smaller values of A 2 within an individual pass, not necessarily at the lowest values for the sector overall. For example, the low ratios occur when A 2 is from 0.5 to 0.7 in passes 95-222 and 94-282, but between 2 and 3 in passes 95-282 and 95-125. This suggests that the behaviour is also being influenced by some factor other than the flux level, and one which changes from time to time. Figure 10 shows the relationship between the count rates for the trapped (C T ) and precipitated (C P ) components during the two overpasses (95-058 and 95-086) recorded in the noon sector; both the 100 keV and the 30 keV data are plotted. The data cover 4 orders of magnitude in C P . The correlation coefficient (between the logarithms) is ρ=0.963, and the regression equation for C P against C T is C P = 4.02 × 10 −5 C
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with standard error a factor of 1.94. The probability of this value of ρ occurring by chance in a data set of 72 points is about 10 −57 ! Two points are noteworthy here. First, the same relationship applies to both energy ranges, so presumably it is not energy dependent. Second, the two passes whose data fit so well to the same law were recorded a month apart (February and March of 1995) . This does not guarantee that the same relationship would hold for all such observations, but it does suggest a certain stability in the mechanism.
A similar relationship was found in a previous investigation (Birch et al., 2009 ) which used hourly values derived from all overpasses in the LT sector 11.5-12.5 over invariant latitudes 65-70 • during a period of 6 h on one day having enhanced solar wind. In this case the raw data were averages over 16 s (implying spatial averaging over 120 km). The relationship was of the form of Eq. (4) but the constant of proportionality was 4.06×10 −6 instead of 4.02×10 −5 . These observations were in the month of July. The suggestion, therefore, is that in the noon sector the precipitated/trapped ratio is essentially proportional to the trapped flux, but the proportionality may change, possibly with the time of year. No such relationship was found in the data from the night or morning sectors. 
Spectral variations
The flux reaching 90 km
The spectral information provided by POES is limited to counting rates above the 30 keV, 100 keV and 300 keV thresholds. The form of the spectrum is not known but ratios between these quantities will provide an indication of the hardness of the spectrum in rather general terms. We have used only the ratio F(100)/F(30), since the count rates above 300 keV may be very small and therefore subject to any lowlevel background (e.g. cosmic rays) that may be present. Figure 11 plots the 2-s data as S M (=F M (100)/F M (30)) against (absorption) 2 for each of the 10 Kilpisjärvi overpasses. Distinct symbols are used for the individual passes, and they are collated into the night (a), morning (b) and noon (c) sectors. F M (= √ F T × F P ) is taken to indicate the flux reaching the 90 km level; we have seen that A 2 is well correlated with the magnitude of F M , being essentially proportional to it. Thus, a ten-fold increase in A 2 may be taken to indicate a ten-fold increase in 30 keV flux reaching 90 km.
A pseudo-characteristic energy, E 0 , related to the spectral ratio by E 0 =(E 1 −E 2 )/ln(S), is also indicated, where E 1 and E 2 are the thresholds 30 keV and 100 keV, and S is the ratio between the >100 and >30 keV fluxes. E 0 is the characteristic energy in an exponential spectrum.
The following points are noted:
1. The spectral hardness depends on the local time, the night values of E 0 being smaller on average than those observed in the morning and noon sectors, but more variable. The values of S m (and E 0 ) are consistent with those observed in previous studies (Birch et al., 2009) . 2. There are also differences in spectral hardness between individual passes in the same local time sector, most notably in the night sector where there are variations both within and between individual passes. There is no significant correlation of spectral hardness with A 2 in this sector.
3. In the morning sector there is some variation of spectral hardness with A 2 overall, though its significance may be doubted in view of the amount of variation within individual passes, these showing no correlation with A 2 .
4. The noon sector, though represented by only two passes, shows what appears to be a significant variation of spectral hardness with A 2 . Figure 11c is based on the geometric mean of the values for the trapped and the precipitated components in the noon sector, but detailed examination reveals that both components show a tendency for the hardness to increase with the trapped flux (F T (30)), the variation being considerably greater for the precipitated component. According to the theory of pitch-angle scattering by wave-particle interaction, one condition is that the parallel energy of the particle must exceed a threshold value (W =B 2 /2µ 0 N, where B is the magnetic flux density, and N the density of cold plasma). This effect would alter the spectral hardness, an increase of W reducing the 30 keV flux but not the 100 keV flux. However, in this situation an increase of flux would be associated with decreased hardness, the opposite of what is observed.
Relative spectral hardness of precipitated and trapped components
A previous study (Birch et al., 2009) reported that during an active period (associated with high-speed solar wind) the precipitated flux in the morning and noon sectors tends to be softer than the trapped. This is at a time when the trapped flux is enhanced and we expect the resulting radio absorption to be significant. (During times of slower solar wind the trapped flux was considerably weaker but the precipitated component was then harder than the trapped.) Since the spectral hardness ratio
(where R=F P /F T ), that quantity also compares the precipitated-to-trapped ratios at >100 keV and >30 keV. Figure 12 plots this ratio against A 2 for each of the local time sectors. If these data can be taken as representative, they imply striking differences of behaviour between the sectors. Taking the whole group together, the morning sector shows a tendency for R 100 /R 30 to increase with A 2 , though such trends are not convincingly visible for individual overpasses. The noon group shows an increase of R(100)/R(30) consistent with the comments of item 4 in the previous section. The data from the night sector, on the other hand, are extremely variable. The points from each pass tend to clump together, but without systematic variation with A 2 , either within or between the clumps.
Conclusions and discussion
Main conclusions
1. The correlation between the detailed structure of an auroral absorption event and the fluxes of >30 keV electrons detected by an overflying satellite are close enough for one quantity to be predicted from the other with good accuracy: the flux from the absorption with standard error better than a factor of 2, or the absorption from the flux with standard error a factor of about 1.3.
2. The best agreement is obtained by taking the geometric mean of the trapped and precipitated flux to represent the energetic electron flux reaching 90 km. The relationship between flux and absorption depends somewhat on the local time, no doubt due to variations of spectrum.
3. The details of the spatial structure do not change significantly throughout the duration of a satellite overpass, implying that the fine structure in the particle flux is essentially spatial rather than temporal.
4. The amount of variation represented by the fine structure also depends on the local time, being least at noon and greatest in the morning sector. In every case the precipitated flux varies more than the trapped component. This is consistent with the concept of trapped electrons being scattered into the loss cone, but with a dependence on conditions in the region of the magnetosphere involved in the scattering process.
5. In the noon sector the precipitated and the trapped fluxes are highly correlated, having a square law relationship (F P ∝ F 2 T ). This close relationship was not found in the morning or the night sectors.
Discussion
We have noted significant differences of behaviour between the three local times covered by our data. Presumably these must be caused by differences in the characteristics of the regions of the magnetosphere involved in the relevant physical processes. Table 7 gives typical locations for the apexes of field lines originating from Kilpisjärvi at the local times of our "night", "morning" and "noon" groups. These were computed using the GSFC program available from http://modelweb.gsfc.nasa.goc/models/cgm/t96.html, which is based on the T-96 magnetosphere model (Tsyganenko, 1995) .
The night group shows an influence of the magnetotail, the field lines being pulled further from the Earth and somewhat tailward. With the Earth's rotation the apex is moving closer to the Earth and the lines are shortening. The circulation of the magnetosphere presumably exaggerates this effect.
The morning group, where the variability is greatest, has no great extension of the field-lines and the acceleration of the trapped electrons appears to be complete at this time, since the noon group is no more energetic. The morning group is within the period of greatest precipitation activity for electrons with energies of "tens of keV" as indicated by the statistics of auroral absorption and VLF noise (Pope, 1963; Bullough et al., 1969; Hargreaves and Bullough, 1972) . Having regard to earlier work, it is suggested that the VLF waves responsible for pitch-angle scattering at this local time were generated at a lower latitude, making this an instance of Thorne's "parasitic" process. The existence of a subgroup with particularly low precipitated/trapped ratio (Fig. 9b) could suggest that these field lines are at times being shielded from the scattering radiation.
The noon group, a mere 4 h later, has surprisingly different characteristics. Though the energy is unchanged from the morning period, the variability of precipitation is much less and there is a remarkable and clear dependence of the precipitation on the level of trapped flux, strongly suggesting that pitch-angle scattering by Thorne's "unstable" process is in control.
In discussing some of the rocket data on energetic electrons, McDiarmid and Budzinski (1964) remarked that "the phenomena are complicated and extremely variable". That view still holds.
